H f thioctic acid is an i n t e r m e d i a t e in photosynthesis closely r e l a t e d t o the p r i m a r y photochemical a c t a s proposed by Calvin and B a r l t r o p , i t should be possible to r e a l i z e experimental conditions under which the concentration of thioctic acid limits the quantum efficiency of photosynthesis a s well a s the 
o n s i s t s essentially of t h r e e steps: ( S t e p 1) a light-capturing s t e p to produce
a r e l a t i v e l y long-lived electronic excitation; ( Step 2) a conversion s t e p in which the "excitation" i s converted into s o m e "chemical" f o r m consisting of an oxidizing and a reducing agent; and (
Step 39 the reduction of quinone by the reducing agent ( i n this model, the dithiol of thioctic acid) and the liberation of oxygen f r o m the oxidizing agent. Two s e t s of m o r e o r l e s s specific r e a c t i o n s that conform t o these r e q u i r e m e n t s a r e given below:
S t e p 1: light + chlorophyll -. excited chlorophyll,
Step 2 : H 2 0 + + excited chlorophyll -chlor oph $1 + * P r e s e n t address: Section on P h y s i c a l Chemistry, National Institute of Mental Health, Bethesda 14, Maryland t Submitted May 11, 1955 t o Proceedings sf the National Academy of Sciences o r
Step 2 3 (in place of 2 + 3);
Step 5: excited chlorophyll > chlorophyll ( t h e r m a l decay)
Model T was shawn by B a s s h a m e t a i . t o be consistent with the available thermochemical data, The m o d e l i s m o r e general than e i t h e r that of 3 6 ~a l v i n ' o r B a r l t r o p or of Levitt as to the p r e c i s e m e c h a n i s m of e n e r g y t r a n s f e r if
Step 2 , and Step 2 + Step 3, m a y be replaced b y the l e s s specific
Step 2 3 .
I t should be noted that although the experiments of B r a d l e y and Calvin a r e consistent with the quantum conversion p r o c e s s a s conceived of by Calvin and B a r l t r o p and by kevitt, the e x p e r i m e n t s could only be c a r r i e d out under conditions in which the r a t e of oxygen evolution was l i m i t e d by Step 1 and ( o r )
Step 4 and, therefore, provided no information a s to the nature of Step 2 (or 2 3). F u r t h e r , these experiments did not a stablish unequivocally whether thioctic acid has any natural in vfvo function i n the photochemical p r o c e s s e s ---of photosynthe ~i s .
The pioneering experiments of E m e r s o n and Arnold, in which they c a r r i e d out photosynthesis i n flashing light of high intensity with relatively Bong d a r k intervals between flashes, w e r e designed t o eliminate the r a t e l i m itation of both light capture (Step h ) and d a r k follow-reactions (Step 3 and f u rt h e r ) , the so-called Blackman r e a c t i o n s be. g . Steps 3 and 4 ) . The limiting f a c t o r then supposedly becomes, in the photosynthetic unit models of E m e r s o n 8 and Arnold and of Wohl (Model PUB, the concentration of c e n t e r s a s s o c iated with s e v e r a l thousand chlorophyll molecules in She photosynthetic unit which m a y reduce COZ; or , in the t h r e e -enzyme model of F r a n c k and 9 Herzfeld (Model 3E), the concentration s f the enzyme which r e a c t s with the unstable phstoproducts, the stabilizing e n z v e B. In Model T the corresponding limiting chemical f a c t o r would become ( i n Step 2 ) the concentration of thioctic acid in the disulfide f o r m , provided no other p u r e l y physical transformations were interposed between Steps 1 and 2 that might become limiting, i. e. , the "'excited ~hlorophyB1~' produced in Step 1 i s identical with the "excited chlorophyll" used in Step 2 car 23.
A n important assumption underlying such reasoning i s that when the r a t e of photon capture exceeds the possible r a t e of conversion into a suitable stable f o r m (Step 2 ) , the e x c e s s quanta a r e l o s t through back r e a c t i o n s , e . g .
Step 5. This i s based on the further assumption that the back r e a c t i o n s f r o m the excited chlorophyll (Step 5) occur rapidly with r e s p e c t to the time needed sponds to 1.9 x 10 mole chlorophyll a p e r vessel. 11
Light flashes were produced b y discharging capacitors through a GE FT422 high-pressure. xenon blue -white f l a s h tube (color t e m p e r a t u r e 7 0 0 0~ K). The discharge was t r i g g e r e d b y a variable high-voltage tickler trigger a t r a t e s adjustable f r o m 0.5 t o 100 flashes p e r second. The decay of light intensity was approximately exponential, with a t i m e for half decay -6 of 160 x 10 second. The manometer v e s s e l s ware s o a r r a n g e d with r e s p e c t to the l a m p that the intensity at 10 p f a r a d , ZOO0 volts, and 10 flashes/second Table 11 .
T a b l e 1
Dependence of yield p e r f l a s h upon d a r k i n t e r v a l b e t w e e n f l a s h e s T e m p e r a t u r e , 1 5 . 7 '~ 3 Voltage, 1800 (20 c p s ) ; 1900, (10); v e s s e l , 22 m m -7
2000, ( 5 ) 1.9 x 10 m o l e C o n t r o l quinone c o n c e n t r a t i o n ; C a p a c i t a n c e , 6 . 5 p f a r a Table 1 we s e e that when the i n t e r v a l between f l a s h e s i s s m a l l , corresponding to continuous light, the oxygen evolution is limited b y both quinone and 6T concentrations. T h e s e limitations a r e r e m o v e d and replaced b y light limitation when the d a r k p e r i o d is lengthened, in a g r e e m e n t with the prediction based on Model T . P r o m Table 11 we s e e that the highest yields in molecules of oxygen p e r f l a s h when the d a r k t i m e is sufficiently long t u r n out to be v e r y nearby equal t o the total number of molecules sf thioctic a c i d within the s a m e amount cd plant m a t e r i a l . If we r e t a i n the assumption that e a c h molecule sf thioctie a c i d h a s time to convert quanta only once during the lifetime of the excitation produced by each flash, we would a r r i v e at the untenable r e e u l t that not only would each quantum produce a molecule of oxygen but that only one molecule sf thioctic acid was involved in that production. We m u s t t h e r e f o r e abandon the original assumption and p e r m i t eaeb thioctic acid molecule to go through s e v e r a l complete cycles between s u c c e s s i v e flashes. Such multiple cycling of thioctic acid would be possible only if nonproductive d e c a y of photoexcitation, e . g. ,
Step 5, w e r e r e l a t i v e l y slow. We c a n e s t i m a t e the minimum lifetime of t h i s excitation by calculating the m i n i m u m d a r k interval r e q u i r e d f a r yield s a t u r a t i o n f o r the four columns in Table I: Although species differences might r e a s o n a b l y produce a lifetime a s long as 8 " 0 6 second for Witt' s m e t a s t a b l e s t a t e in Sccnedesmus, i t i s unlikely tha? h i s s t a t e can be identified with one that exhibits no appreciable decay i n 0 . 2 3 second.
We t h e r e f o r e conclude that i n Scenedesrnus %ISQ the m e t a s t a b l e s t a t the Scenedesmus used a r e the f i r s t r e p o r t e d to be quinone-limited. We have grown Scenedesmus, f o r two y e a r s i n continuous c u l t u r e , which a r e quite r eproducibly quinone-limited although Chlorella grown under p r e c i s e l y the s a m e environmental conditions a r e reproducibly non-quinone -limited. I t is to be noted that when quinone limitation is removed by the addition of thioctic acid (Table I ) the d a r k interval f o r saturation b e c o m e s 0.06 second, in approximate a g r e e m e n t with other l i t e r a t u r e values. The effects of quinone limitation closely p a r a l l e l those of cyanide inhibition studied by Weller and F r a n c k , l 3 in which the yield p e r f l a s h is l i m i t e d a t s h o r t but not a t long d a r k i n t e r v a l s and the minimum d a r k time f o r maximum yield p e r f l a s h is much longer in the p r e s e n c e of cyanide, i. e. , about 0.14 second. Weller and F r a n c k , a s well a s Rieke and Gaffron, l4 i n t e r p r e t this a s inhibition of the enzyme s y s t e m that speeds the r e c o v e r y of Catalyst B and not inhibition of Catalyst B i t s e l f .
Speaking in m o r e g e n e r a l t e r m s without r e f e r e n c e t o any specific model of the Hill s y s t e m , i t s e e m s quite c l e a r that low quinone concentrations limit oxygen production in continuous and r a p i d flashing light by limiting the r a t e a t which the d a r k reactions a r e able to c a r r y out the n e c e s s a r y oxidation r e a c t i o n s t o remove the photoproducts and p r e p a r e the s y s t e m f o r f u r t h e r photochemical b y Clendenning and E h r m a n t r a u t ; (2) the decay t i m e on whole Chlorella of indicates v e r y c l e a r l y that the luminescence t h e r e i n observed in a l l probability consists of a t l e a s t two different p r o c e s s e s .
T h i s is t o be s e e n f r o m the f a c t s that ( a ) the apparent o r d e r of the luminescence d e c a y changes with t e m p e r a t u r e , having a n appearance of m o r e n e a r l y second o r d e r a t ~O C and m o r e n e a r l y f i r s t o r d e r a t 2 5 '~; and (b) the t e m p e r a t u r e coefficients of the l u m i n e s c e n c e observed a t -0 . 1 second a f t e r the cessation of illumination v a r y g r e a t l y , being e x t r e m e l y s m a l l in the range of 5O and 0 1 0 '~ and rising to s o m e w h e r e between 10 and 20 kcal i n the range above 25 C.
We thus suppose that this luminescence c o n s i s t s of a t l e a s t two p r o c e s s e sa slower high-temperature p r o c e s s , with a r e l a t i v e l y high t e m p e r a t u r e coefficient (activation e n e r g y approximately 15 kcal), and a v e r y f a s t p r o c e s s with a v e r y s m a l l t e m p e r a t u r e coefficient. We s u s p e c t that this last-mentioned luminescence with the s m a l l t e m p e r a t u r e coefficient a r of the long-lived excitation observed i n our flashing-light e x p e r i m e n t s .
We a r e thus brought t o the conclusion that the thioctic acid is not likely to b e functioning p r i o r to the 0.02-to 0.06-second t r a n s f o r m a t i o n , but that a f t e r the 0.02 -to 0.06-second transformation h a s taken place the products f o r m e d by i t have a v e r y long intrinsic lifetime, a s indicated by the possibility of finding conditions in which the minimum d a r k time is l o n g e r --a s f o r e xample cyanide poisoning, or in the Hill Reaction of Scenedesmus with quinone--and that the thioctic acid r e a c t s with the products of this f i r s t t r a n s f o r m a t i o n ,
A s e t of reactions which would correspond to such a proposal and which i s , in effect, a modified Model T i s a s follows, and the relationships between them a r e given in the following chart:
Step 1 light t chlorophyll f i r s t-excited-state chlorophyll
Step 2 f i r s t -excited-state chlorophyll -m e t a s t a b l e -s t a t e chlorophyll
Step 3 metastable chlorophyll -> ground -s t a t e chlorophyll t heat
Step 4 metastable chlorophyll ground-state chlorophyll t luminescence
Step 5 metastable chlorophyll ground-state chlorophyll t
Step 6 @ t H 2 0 -3 , oxygen evolution iY s t e p 7 Q t 1/2 S-S t H+ 1/2 S H r"-' i-R SH
Step 8 1/2 SH t 1 2 0 0 0 -*1/2
The p r i m a r y questions, of c o u r s e , a r e f i r s t l y , the identity of the excitation that has the lifetime of 0.02-to 0.06-second; secondly, the p r o c e s s by which i t d i s a p p e a r s ; and thirdly, the products that a r e f o r m e d a s a r e - Since in all the experiments done h e r e t o f o r e no evidence h a s been found of a limitation, either in the r a t e of photosynthesis o r s f the Hill Reaction, by any s t e p that could be placed along the chain leading to molecular oxygen, we would p r e s u m e that the hole is immediately trapped, or neutralized, b y donahon of electrons f r o m a water molecu'le. This would give the remaining conduction e l e c t r o n s a relatively long life, and we suppose that i t i s the t r a n s f e r of these e l e c t r o n s to their p r i m a r y acceptors that could then become rate-limiting.
Thus, a t least p a r t of the long luminescence observed by S t r a h l e r would be controlled by the r a t e of reaction of these e l e c t r o n s with their p r i m a r y a s c e p t o r s and by successive r e a c t i o n s . Any oxidizing agent that could accept t h e s e el e c t r o n s should thus obliterate the long Iuminescence. F u r t h e r , the Psng minim u m d a r k t i m e we have observed in the Hill Reaction of Scenedesmus with quinone i s due, in p a r t , to this limitation. When ithioctic acid i s added this limitation of electron oxidation i s removed, and we then s e e the r a t e of conduction electron formation (0.02 -to 0.06 -second) as the limiting s t e p .
Such a reaction, conceived a s a p r o c e s s of diffusion of an "excitonIT 2 1 hhrbugh a quasi-crystalline lattice until "colLision" with a suitable l a t t i c e i mperfection l e a d s to i t s conversion by ionization into a conduction e l e c t r o n and a positive hole, would be expected to have a s m a l l t e m p e r a t u r e co-efficient and to be dependent upon a c e r t a i n m i n i m u m -s i z e p a r t i c l e . l 9 The e x t r e m e l y high efficiency of thioctic acid a s e l e c t r o n a c c e p t o r , in spite of i t s high r eduction potential ( This work was done under the auspices of the U. S. Atomic E n e r g y Commission.
